e Coinfection of a cell by two different strains of a segmented virus can give rise to a "reassortant" with phenotypic characteristics that might differ from those of the parental strains. Bluetongue virus (BTV) is a double-stranded RNA (dsRNA) segmented virus and the cause of bluetongue, a major infectious disease of livestock. BTV exists as at least 26 different serotypes (BTV-1 to BTV-26). Prompted by the isolation of a field reassortant between BTV-1 and BTV-8, we systematically characterized the process of BTV reassortment. Using a reverse genetics approach, our study clearly indicates that any BTV-1 or BTV-8 genome segment can be rescued in the heterologous "backbone." To assess phenotypic variation as a result of reassortment, we examined viral growth kinetics and plaque sizes in in vitro experiments and virulence in an experimental mouse model of bluetongue disease. The monoreassortants generated had phenotypes that were very similar to those of the parental wild-type strains both in vitro and in vivo. Using a forward genetics approach in cells coinfected with BTV-1 and BTV-8, we have shown that reassortants between BTV-1 and BTV-8 are generated very readily. After only four passages in cell culture, we could not detect wild-type BTV-1 or BTV-8 in any of 140 isolated viral plaques. In addition, most of the isolated reassortants contained heterologous VP2 and VP5 structural proteins, while only 17% had homologous VP2 and VP5 proteins. Our study has shown that reassortment in BTV is very flexible, and there is no fundamental barrier to the reassortment of any genome segment. Given the propensity of BTV to reassort, it is increasingly important to have an alternative classification system for orbiviruses.
A characteristic of segmented viruses is their ability to "reassort" genomic segments with related members of the same species. Reassortment has been observed in many virus families, including members of Bunyaviridae (1, 2) , Orthomyxoviridae (3), and Reoviridae (4) (5) (6) . Numerous pandemic outbreaks of influenza throughout history have been associated with reassortant events among influenza viruses, including the pandemics of H2N2 (in 1957), H3N2 (in 1968), and H1N1 (in 2009) lineages (7) (8) (9) .
The process of reassortment has the potential to cause fundamental shifts in the phenotypic characteristics of a virus. When both pathogenic and nonpathogenic strains of a virus exist, reassortment can lead to an increase in the pathogenicity of a previously avirulent strain (and vice versa) (10, 11) . Such a scenario is of great importance with regard to the development of live-attenuated vaccines for segmented viruses. The possibility exists for vaccines and field viruses to reassort, leading to viruses with unwanted phenotypes. For this reason, efforts to develop reassortment-incompetent viruses, such as influenza and Rift Valley fever viruses, have been made (12, 13) . Similarly, reassortment can lead to a virus with limited transmissibility becoming more easily transmissible, as is widely demonstrated by the influenza virus (14, 15) and orthoreovirus (16) . Reassortment can also result in viruses being able to jump the species barrier. Group A rotaviruses are known to reassort (4) , and there is extensive evidence for reassortment between strains of different animal species, including viruses of feline, porcine, canine, and bovine origins (17) (18) (19) . Reassortment can also be of key epidemiological significance. For example, the reassortment of an exotic virus with an endemic strain may favor the subsequent persistence of genes from the exotic strain (20, 21) .
Bluetongue virus (BTV), the type species of the genus Orbivirus within the family Reoviridae, is the causative agent of bluetongue, a major disease of ruminants. BTV is an arbovirus that is spread between mammalian hosts by competent species of biting midges (Culicoides spp.) (22, 23) . BTV possesses a segmented genome comprising 10 segments of double-stranded RNA (dsRNA) that encode 11 proteins. The BTV particle comprises 7 structural proteins (VP1 to VP7), with an additional 4 nonstructural proteins (NS1 to NS4) observed during the infection and replication stages (24) (25) (26) . The virus core comprises the dsRNA genomic segments associated with transcriptase complexes made up of VP1 (RNAdependent RNA polymerase), VP4 (capping enzyme), and VP6 (the viral helicase), encased within successive layers of VP3 and VP7 (24, 27, 28) . In turn, the core is surrounded by an outer capsid layer comprising the variable proteins VP2 and VP5. NS1 is heavily expressed during infection and forms abundant cytoplasmic tubules, which may be associated with cytopathogenicity (29) (30) (31) . NS2 is an RNA-interacting phosphoprotein and is the major constituent of viral inclusion bodies (VIBs), where viral transcription and morphogenesis take place (32) (33) (34) (35) . NS3 (and a shorter form, NS3A, missing 13 N-terminal amino acid residues) is a glycoprotein that is heavily involved in virus egress and cell exit (36) (37) (38) (39) (40) . NS3 contains a canonical late domain and has been shown to interact with the ESCRT (endosomal-sorting complexes required for transport) pathway to mediate budding (41) . NS4 is the most recently discovered BTV protein, has a nucleolar localization, and confers a replication advantage to cells pretreated with interferon (25, 26) . In recent years, Europe has experienced multiple incursions of different serotypes, topotypes, and strains of BTV. Initially, as a result of the northward expansion of the Afro-Asiatic vector Culicoides imicola, several bluetongue disease outbreaks occurred throughout the Mediterranean basin. BTV incursions have entered Europe predominantly via three distinct routes. Strains of BTV-1 (eastern topotype), BTV-4 (western topotype), BTV-9, and BTV-16 have all entered the eastern Mediterranean region. In addition, other strains of BTV-1, BTV-2, BTV-4, and BTV-9 (all western topotypes) have entered Europe from northern Africa, most likely as a result of wind-blown infected midges. However, BTV-8 was discovered in the Netherlands in 2006. In contrast to the previous strains, the origin of BTV-8 could not be defined precisely. BTV-8 spread rapidly throughout northern Europe and subsequently to other regions of Europe, including the Mediterranean basin; this represents the largest outbreak of BTV that has been recorded in the Palearctic ecozone and the first-ever recorded outbreak in northern Europe (42) . Throughout most of this period, BTV strains derived from modified live-attenuated vaccines (MLVs) have also been used and isolated in the field (43, 44) . The cocirculation of a diverse array of BTV strains within the same population of animals and midges provides multiple opportunities for reassortment, resulting in the possibility of novel viruses with unknown or altered serological and/or pathogenic characteristics.
The segment 2 (Seg-2) gene (which encodes VP2) is the most variable of the BTV segments and varies in a manner that correlates with virus serotype (45) (46) (47) . Thus, Seg-2 was the original focus of sequence analyses for molecular epidemiology studies of BTV throughout the Mediterranean basin and northern Europe. However, full-genome sequencing studies have increasingly revealed evidence of reassortment between multiple strains of BTV in the field (5, 47) . Reassortment has been reported for BTV in both arthropod and mammalian hosts and, experimentally, in vitro (48) (49) (50) (51) (52) (53) . In 2002, a BTV-16 vaccine strain was found to be circulating in Italy and was subsequently shown to contain Seg-5 of a BTV-2 vaccine strain (5) . Similarly, a strain of BTV-6 isolated in 2008 in the Netherlands was shown to contain segments from two other viruses, including the BTV-8 strain, which was cocirculating in the area (47) .
In 2007, a strain of BTV-1 (54) entered southern Spain from northern Africa and spread up through Spain and into France, reaching as far as Brittany in the north; this demonstrated that it can be transmitted by north European Culicoides populations. The ensuing cocirculation of BTV-1 and BTV-8 in Spain and France has provided opportunities for these two strains to reassort in the field.
Reassortment has been used as a tool for studying the biological aspects of a variety of orbiviruses (55) (56) (57) (58) (59) (60) (61) (62) . However, the advent of reverse genetics, and thus the ability to generate reassortants de novo, allows a novel approach with which to look at the reassortment process of BTV using selected viruses. In this study, we used BTV-1 and BTV-8 in an experimental framework within which we could study the potential for reassortment between two different BTV serotypes. We used both forward and reverse genetics to determine the contribution of each individual viral genomic segment to phenotypic characteristics, such as viral growth in vitro, virulence, and serotype determination.
MATERIALS AND METHODS
Cells and viruses. BSR cells (kindly provided by Karl Conzelmann) were derived from BHK-21 cells and were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco) supplemented with 5% fetal bovine serum (FBS) and 25 g/ml penicillin-streptomycin (P/S) (Gibco). Vero cells (ATCC CCL-81) were maintained in DMEM supplemented with 5% FBS and 25 g/ml P/S. CPT-Tert cells, an immortalized line of sheep choroid plexus cells, were maintained in Iscove's modified Dulbecco's medium (IMDM) (Gibco) supplemented with 10% FBS and 25 g/ml P/S (63) . All mammalian cells were incubated at 37°C in a humidified incubator with 5% CO 2 . The virus isolates were obtained from the Orbivirus reference collection (ORC) at The Pirbright Institute (see http://www .reoviridae.org/dsRNA_virus_proteins/ReoID/BTV-Nos.htm). These include the South African BTV-1 reference strain (RSArrrr/01) and the European BTV-8 strain (NET2006/04). BTV-1 and BTV-8 are both pathogenic in a mouse model of BTV infection (26, 64) . The field isolate BTV-1 (FRA2007/18) was isolated from the spleen of a nonvaccinated sheep from Sare in the Basque province of Labourd, in southwestern France in 2007; BTV-1 (FRA2008/24) was isolated from the blood of an unvaccinated cow in Bardigues, Midi-Pyrénées, France.
Virus stocks were produced by infecting BSR cells at a low multiplicity of infection (MOI) and incubating them at 37°C until a cytopathic effect (CPE) was advanced. The supernatant was collected by centrifugation at 500 ϫ g for 5 min and further clarified by 0.2-m filtration.
Virus sequencing. The French isolates of BTV were sequenced using the full-length amplification of cDNA (FLAC) method as described previously (45) . Raw sequences were assembled using DNAStar (Lasergene) and analyzed further using the CLC Genomics Workbench (CLC bio, Aarhus, Denmark). The nucleotide identities for each segment of FRA2008/24 were determined relative to BTV-1 (FRA2007/18) (this study) and the European 2006 BTV-8 strain (GenBank accession numbers FJ183374 to FJ183383 [65] ). Additional full-length genomic sequences were obtained from GenBank.
Coinfection assays. CPT-Tert cells were grown in a 12-well plate and coinfected (in duplicate wells) with BTV-1 and BTV-8 at an MOI of 1 for 2 h. The inocula were then discarded, the cells were washed, and 1 ml fresh growth medium was added. At 24 h postinfection (PI), a CPE was evident, whereupon the supernatant and cellular debris were collected (referred to here as the reassortant mix). A 5-l aliquot of the reassortant mix was passaged four times in CPT-Tert cells, each time using 5 l of the previous passage and harvesting the supernatant and cellular debris at 48 h PI. This experiment was performed in triplicate. At the end of the 4th passage, the supernatant was collected, filtered through a 0.2-m filter in order to remove aggregated particles associated with cellular debris, and used to infect BSR cells in 6-well plates, followed by an agar overlay. Individual well-isolated plaques were picked through the agar overlay and resuspended in 350 l of unmodified DMEM and stored at 4°C. Viral RNA was then extracted from 140 l of the plaque resuspension using the QIAamp viral RNA minikit (Qiagen) according to the manufacturer's instructions.
Characterization of BTV reassortants. Each segment of the isolated reassortants was characterized using reverse transcription-PCR (RT-PCR) assays with the ability to differentiate between BTV-1 and BTV-8. For segments encoding VP1, VP3, VP4, VP6/NS4, VP7, and NS1 through NS3/3A, forward and reverse primers common to both BTV-1 and BTV-8 were used in conjunction with probes specific to BTV-1 or BTV-8 in duplex real-time RT-PCR assays (Table 1) . For the segment encoding VP5, separate BTV-1 and BTV-8 primer-probe sets were used. BTV-1-specific probes were labeled with 5= FAM (6-carboxyfluorescein) and 3= BHQ-1 (black hole quencher 1), and BTV-8-specific probes were labeled with 5= HEX (hexachloro-fluorescein) and 3= BHQ-1. Quantitative RT-PCR was carried out using the Agilent Brilliant III Ultra-Fast one-step RT-PCR master mix. The reaction mixtures contained 5 l 2ϫ master mix, 5 pmol of each primer, 0.25 pmol of each probe, 0.5 l RT-block, 1 l sample RNA, and water to a final volume of 10 l. The reaction mixtures were cycled in an Agilent Mx3005P PCR system using the following program: 10 min at 50°C, 3 min at 95°C and 40 cycles of 20 s at 95°C, and 22 s at 60°C. The BTV-1 or BTV-8 origins of each segment were determined based upon the amplification signal in either the FAM (BTV-1) or HEX (BTV-8) channels. Additional confirmation of the origin of the VP5 segment for selected plaques was obtained by using conventional gel-based RT-PCR assays with strain-specific primers and the Invitrogen SuperScript III one-step RT-PCR system with Platinum high-fidelity Taq according to the manufacturer's instructions. For Seg-2, which encodes VP2, a SYBR green assay was used with a BTV-1 and BTV-8 universal reverse primer and forward primers specific to either BTV-1 or BTV-8 ( Table 1 ). The reaction mixtures contained 5 l 2ϫ Agilent Brilliant III Ultra-Fast one-step RT-PCR SYBR green master mix and 5 pmol of each primer, 0.5 l RT-block, 1 l sample RNA, and water in a final volume of 10 l. The reaction mixtures were cycled in an Agilent Mx3005P using the following program: 10 min at 50°C, 3 min at 95°C and 40 cycles of 20 s at 95°C, and 22 s at 60°C, followed by a dissociation curve. BTV-1-BTV-8 differentiation was based upon the melting temperature of the resulting amplicons. In order to determine the association between genomic segments in the reassortants we analyzed, we performed chi-squared analyses with Bonferroni's correction using R (Comprehensive R Archive Network; http://www.R-project.org). Plasmids. The plasmids used for the rescue of BTV-1 and BTV-8 have been described previously (26) . The BTV-1 rescue plasmids were based upon the BTV-1 reference strain, and the BTV-8 rescue plasmids were based upon the BTV-8 Netherlands strain. Each plasmid contained a single cDNA copy of a BTV genomic segment flanked by a 5= T7 promoter and a 3= restriction site.
Reverse genetics. BTV reassortants were rescued essentially as described previously (26, 66) . Briefly, 2 ϫ 10 5 BSR cells were plated in 12-well plates in growth medium without antibiotics 24 h prior to transfection. The cells were transfected twice with RNA using Lipofectamine 2000 (Invitrogen). For the first transfection, 1 ϫ 10 11 copies of in vitro-transcribed BTV-like capped RNA encoding VP1, VP3, VP4, VP6/NS4, NS1, and NS2 were mixed with Opti-MEM (Gibco) containing RNasin Plus (0.5 U/l; Promega) in a final volume of 10 l. Two microliters of Lipofectamine 2000 was mixed with 10 l of Opti-MEM (with RNasin Plus) and incubated for 5 min prior to combination with RNA. The transfection complexes were allowed to form for 20 min before the transfection mixture was added dropwise to the cells. Approximately 18 h after the first transfection, the medium was replaced, and the cells were transfected a second time with RNA for all 10 genomic segments using Lipofectamine 2000. Four hours after the second transfection, the medium was replaced with an agar overlay, and the cells were incubated at 37°C. The reassortants were then picked from virus plaques between 24 and 72 h after the final transfection.
Reassortant nomenclature. A standard nomenclature is used throughout this article: the uppercase section of the name refers to the backbone of the virus (i.e., the majority of the viral genomic segments), followed by a subscript comprising the serotype origin of the segment and the protein substituted.
For example, BTV-1 8VP1 refers to a reassortant that has all the genomic segments derived from BTV-1 with the exception of the genomic segment encoding VP1, which was derived from BTV-8.
Viral growth curves. For the analysis of virus growth in vitro, 2 ϫ 10 5
CPT-Tert cells/well were plated in 12-well plates in 1 ml of growth medium the day prior to infection. The cells were then incubated with 1 ml medium containing the relevant virus at the specified MOI for 2 h at 37°C. The inocula were then discarded, and the cells were washed once with DMEM and then incubated with 1 ml of the appropriate fresh growth medium. One-hundred-microliter samples of the supernatant were removed at 0, 8, 24, 48, and 72 h postinfection and replaced with 100 l fresh growth medium. The collected supernatants were clarified by centrifugation for 5 min at 500 ϫ g and then stored at 4°C. The samples were then titrated using limiting-dilution assays (67) in BSR cells, and the virus titers are expressed as log 10 50% tissue culture infective doses (TCID 50 )/ml. Plaque assays. CPT-Tert cells were seeded at a density of 4 ϫ 10 5 cells/well in 6-well plates 24 h prior to infection with BTV. The cells were infected for 2 h at 37°C. Afterward, medium containing the virus was discarded, and the cells were washed with DMEM and incubated with 3 ml of a semisolid overlay (1.2% Avicel in DMEM supplemented with 2% FBS and 25 g/ml P/S) at 37°C. After 72 h, the overlay was discarded, and the cells were washed with phosphate-buffered saline (PBS) and stained for Ͼ1 h with crystal violet in formaldehyde. Approximately 15 plaques per reassortant were measured using a ruler (with a 500-m scale) with magnification. The overall variance among plaque diameters was assessed using one-way analysis of variance (ANOVA), and individual comparisons were performed using Student's t test. Neutralization assays. Three-fold serial dilutions of BTV-1-or BTV-8-specific antiserum were prepared in quadruplicate in 96-well plates using 50 l of each test serum diluted in DMEM containing 3% FBS. One hundred TCID 50 of BTV-1, BTV-8, or selected reassortants was then added to the corresponding wells and incubated at 37°C for 1 h. Finally, 2.5 ϫ 10 4 Vero cells were added to each well, and the plate was incubated at 37°C for 5 days in a humidified incubator with 5% CO 2 , whereupon the viral CPE was visually assessed. The 50% protective dose (PD 50 ) for each serum sample, defined as the serum dilution that inhibits BTV infection in 50% of Vero cell cultures, was then determined using the Reed and Muench method (67) . BTV-1-and BTV-8-neutralizing antisera were derived from animals vaccinated against BTV-1 or BTV-8 and subsequently challenged with the homologous strain as published previously (68) .
In vivo studies. Animal experiments were carried out at the Istituto G. 
RESULTS
A field reassortant between BTV-1 and BTV-8. In 2007, while France was already experiencing ongoing outbreaks of BTV-8, a north African strain of BTV-1 entered Spain and spread into France, eventually reaching as far north as Brittany (54) . Thus, the cocirculation of these two serotypes raised the possibility of the emergence of reassortants between BTV-1 and BTV-8. Indeed, through full-genome sequencing and pairwise comparisons of field isolates, we identified a reassortant circulating in 2008 (FRA2008/24) that contained multiple segments from BTV-1 in a backbone of BTV-8 ( Fig. 1A ; Table 2 ). We compared the sequences of the reassortant virus FRA2008/24 to those of the BTV-1 and BTV-8 field strains circulating in Europe (FRA2007/18 and BTV-8 NET2006/04 [65] ) and to the sequences of the BTV-1 and BTV-8 genomic segments used for reverse genetics in our study (Table 2) . Interestingly, the two outer capsid proteins, VP2 and VP5, were derived from BTV-1 and BTV-8, respectively. At the amino acid level, Seg-2 of FRA2008/24 is 99.9% identical to Seg-2 of BTV-1 (FRA2007/18) and 95.2% identical to Seg-2 of the BTV-1 South African reference strain (RSArrrr/01). It is notable that all of the segments of FRA2008/24 encoding nonstructural proteins alone (those encoding NS1, NS2, and NS3) were of BTV-1 origin. The nucleotide identities of individual segments to the relevant segment of the parental virus were Ն99.33% ( Table 2) .
The European BTV-1 and BTV-8 strains, while clearly distinct, are not the most distantly related BTV strains at the nucleotide level. We performed pairwise comparisons of full-length BTV genomic segments in order to assess the diversity among all of the full-length sequences available in GenBank (Table 3 ). Table 3 also shows pairwise comparisons between BTV-1 and BTV-8 and selected other BTV strains, such as BTV-2, BTV-4, and BTV-9. The maximum level of divergence (35.09 to 100%) was observed for Seg-2. Seg-6 (which encodes VP5) was also highly variable, with identity levels ranging between 54.47 and 100% (Table 3) . The remaining segments all showed levels of identity ranging between 64.02% (Seg-9) and 100%, with a serotype 26 strain from Kuwait being, in general, the most distantly related strain of BTV in most genomic segments (Table 4) .
We next sought to characterize possible phenotypic changes which may arise from a novel rearrangement of segments in FRA2008/24. Through reverse genetics, we rescued rFRA2008, a reassortant virus based upon the BTV-1 reference strain and BTV-8 Netherlands strain, which has the same genomic segment composition as the field reassortant FRA2008/24. When assessed for virus growth in CPT-Tert cells, BTV-1 was found to reach a higher titer at 8 h postinfection than both BTV-8 and rFRA2008 (Fig. 1B) . However, by 24 h and at subsequent time points, all three viruses displayed comparable titers, suggesting that the overall growth kinetics of the three viruses are largely similar.
Coinfection of sheep cells with BTV-1 and BTV-8. Reassortment studies using a variety of viruses have previously suggested that reassortment is not necessarily a random event, and different compatibilities exist between segments of distinct parental viruses (70-72). In light of this, and the discovery in the field of FRA2008/ 24, we performed coinfection experiments using BTV-1 and BTV-8 in order to determine, by forward genetics, the type of reassortants generated by these two viruses in vitro. Using realtime RT-PCR, we characterized 140 plaques that were derived from coinfection experiments and had been passaged four times in sheep cells ( Fig. 2A) . These coinfections were carried out in two independent experiments, and in each experiment, virus mixtures were subsequently passaged in triplicate ( Fig. 2A) . While every plaque contained evidence of the BTV genome, for 22 plaques, one or more segments could not be amplified and were therefore discarded from our analysis. In addition, 34 plaques contained one or more genome segments of both BTV-1 and BTV-8, suggesting that these plaques were formed by more than one virus; therefore, these were also eliminated from our analysis. In contrast, 84 plaques could be completely characterized and were considered for further analysis. Interestingly, 100% of the characterized plaques were reassortants. The characterized plaques could be divided into 50 unique combinations of segments (Table 5 ). The majority (n ϭ 31) of the unique combinations occurred just once. However, certain segment combinations were found at frequencies greater than 1, including the genotype 1 combination, which occurred 7 times within our data set (Table 5 ; Fig. 2D ). Interestingly, some segment combinations were found in two separate coinfection experiments; for example, genotype 1 was found in 3 of the 6 virus mixtures that were passaged independently.
BTV-1 contributed 60% of the total segments of the reassortants that were analyzed (Fig. 2B) . The majority of the reassortants had Seg-1, Seg-2, and Seg-7 that originated from BTV-8 (Fig. 2C) . The remaining segments were derived in the majority of cases from BTV-1, although no clear bias was observed for Seg-3, Seg-4, and Seg-5 (Fig. 2C) . Of particular note, almost all of the reassortants isolated had Seg-6, Seg-9, and Seg-10 that originated from BTV-1 (Fig. 2C) . Pairwise comparisons of each segment combination by chi-squared analysis (with Bonferroni's correction) revealed no significant association between segments in the reassortant progeny mix, with the exception of an association between Seg-2 (VP2) and Seg-6 (VP5) (P ϭ 0.04 prior to Bonferroni's correction, assuming a 5% significance level). A z test analysis revealed that, for Seg-6 of BTV-1, a statistically significant difference existed between the proportion of Seg-2s that are of BTV-1 origin (n ϭ 11) and the proportion of Seg-2s that are of BTV-8 origin (n ϭ 65) (BTV-8 Ϫ BTV-1 ϭ 0.71, 95% confidence interval ϭ 0.49 to 0.95, P Ͻ 0.001). On the other hand, for Seg-6 of BTV-8, there were equivalent proportions of Seg-2 of BTV-1 (n ϭ 4) and BTV-8 (n ϭ 4) origins.
Monoreassortants between BTV-1 and BTV-8 can be formed with any combination of genomic segments. Next, we used reverse genetics in order to determine whether it is possible to reassort any individual segment of either BTV-1 or BTV-8 into an alternative backbone. Interestingly, we successfully rescued each combination of monoreassortants with a single segment of BTV-8 Table 3 ). (D) Chart representing the origin of each segment within the total number of reassortants identified in this study. Seg-1, Seg-2, and Seg-7 in more than 75% of the isolated reassortants originated from BTV-8. In the majority of reassortants, the remaining genomic segments originated from BTV-1.
in the backbone of BTV-1, and vice versa. We then assessed the replication characteristics of each monoreassortant in vitro using both plaque assays and in vitro growth assays in CPT-Tert cells. The average plaque diameters were determined from two independent rounds of plaque assays by measuring 10 to 15 individual plaques in each experiment. In the majority of cases, the plaque sizes of the various monoreassortants were relatively uniform and comparable to those of the parental backbones (Fig. 3A to C) . Some reassortants consistently yielded smaller or larger plaques relative to the parental backbones that, in some cases, were statistically significant (ANOVA, P Ͻ 0.05). The sizes of the plaques induced by the reassortant viruses were never greater or smaller than 30% of the sizes of the plaques induced by the parental viruses. The substitution of the Seg-8 of BTV-1 (which encodes NS2) with that of BTV-8 (BTV-1 8NS2 ) resulted in plaques that were consistently smaller than those of wild-type BTV-1 (P Ͻ 0.005) (Fig. 3B) . The sizes of the plaques of the opposite reassortant, i.e., BTV-8 1NS2 , were also reduced, although to a lesser extent (P ϭ 0.11) (Fig. 3C) . Other monoreassortants that consistently yielded plaques with smaller diameters than those of the parental viruses were those with reassorted segments encoding VP1, VP4, and NS1. For certain segments, the backbone into which the segment was being reassorted impacted the resulting plaque diameter. For example, while the substitution of Seg-7 of BTV-1 for that of BTV-8 within the BTV-1 backbone (BTV-1 8VP7 ) was consistently found to be deleterious (P ϭ 0.002), both wildtype (wt) BTV-8 and BTV-8 1VP7 produced plaques of comparable diameters (P ϭ 0.43) (Fig. 3C) .
The most notable alterations in plaque sizes were achieved when Seg-10 of BTV-1 or BTV-8 was inserted into the alternative backbone (BTV-8 1NS3 and BTV-1 8NS3 , respectively). BTV-1 8NS3 generated plaques with a 23% decrease in diameter relative to those of wild-type BTV-1 (Fig. 3A) . Conversely, BTV-8 1NS3 produced plaques that were 25% greater in diameter than those of wild-type BTV-8 (Fig. 3B) .
We then performed growth curve analyses in order to assess the growth kinetics of each reassortant. Overall, the majority of the reassortants demonstrated growth kinetics similar to that of the corresponding wild-type virus that contributed the backbone. At 8 h postinfection, some of the reassortants had a lower titer than those of wild-type BTV-1 and BTV-8. In particular, BTV-1 8VP6 and BTV-1 8NS3 produced lower titers than those of the wildtype viruses (Fig. 4) . The Seg-8 (NS2) monoreassortants (BTV-1 8NS2 and BTV-8 1NS2 ) both had reduced plaque diameters (Fig. 3B and C) and lower titers (Fig. 4) . Only two reassortant viruses (BTV-1 8NS3 and BTV-8 1VP1 ) gave substantially lower titers than those of the wild-type BTV-1 or BTV-8 at 24 h postinfection (Fig.  4) . However, by 24 h postinfection, BTV-1 8NS3 had a titer comparable to those of the parental viruses (Fig. 4) . Of particular note, BTV-1 8NS3 also showed a delayed growth curve in comparison to wild-type BTV-1. In contrast, the corresponding reassortant BTV-8 1NS3 also replicated efficiently at early time points. Very few reassortants showed a substantially higher titer than the wild-type strain of BTV-1 or BTV-8 at 24 h postinfection.
Pathogenicity of BTV-1 and BTV-8 monoreassortants in IFNAR
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with our previously published data (26), both wild-type BTV-1 and BTV-8 killed 100% of the interferon receptor-deficient (IFNAR Ϫ/Ϫ ) mice by 11 days postinoculation, whereas the mockinfected mice all survived (Fig. 5A to C) . Interestingly, monoreassortants that showed a small plaque phenotype or slower growth kinetics, such as those containing heterologous Seg-8 (BTV-1 8NS2 and BTV-8 1NS2 ), Seg-9 (BTV-1 8VP6 and BTV-8 1VP6 ), or Seg-10 (BTV-1 8NS3 and BTV-8 1NS3 ), killed mice with efficiency similar to that of the parental viruses (Fig. 5D to F) . Thus, the variations observed in early growth kinetics of the monoreassortants in vitro are not correlated with pathogenicity in vivo, at least in this experimental model of bluetongue disease.
VP2 alone determines the BTV serotype. Several studies have indicated that VP2 is inextricably linked to BTV serotype (62, 73, 74) . However, it has also been suggested that VP5 can contribute to defining the serotype of each particular strain (75) . To investigate the relative contributions of VP2 and VP5 to serotype determination, we performed serum neutralization assays using reassortants with the backbone of either BTV-1 or BTV-8 and the heterologous VP2, either alone (BTV-1 8VP2 and BTV-8 1VP2 ) or with the corresponding VP5 (BTV-1 8VP2,VP5 and BTV-8 1VP2,VP5 ). As expected, BTV-8 antiserum completely neutralized wild-type BTV-8 but showed no neutralizing capacity against BTV-1. On the other hand, BTV-1 antiserum neutralized wt BTV-1 but failed to block the infectivity of BTV-8 (Fig. 6) . The BTV-1 reassortant with both VP2 and VP5 (BTV-1 8VP2,VP5 ) or with only the VP2 of BTV-8 (BTV-1 8VP2 ) was neutralized by the BTV-8 antiserum, while BTV-1 8VP5 was not neutralized by the BTV-8 antiserum (Fig. 6) . Conversely, BTV-8 reassortants with either VP2 and VP5 (BTV-8 1VP2,VP5 ) or only the VP2 of BTV-1 (BTV-8 1VP2 ) were neutralized by BTV-1 antiserum, whereas no neutralization of these reassortants was observed when BTV-8 antiserum was used. These data clearly confirm that VP2 alone determines the BTV serotype.
DISCUSSION
Coinfection of a cell with two different strains of a segmented virus can give rise to reassortants with phenotypic characteristics that might differ from those of their parental strains. The cocirculation of BTV-1 and the highly pathogenic BTV-8 in northern Europe has offered ample opportunities for reassortment between these two serotypes in the field. Indeed, we isolated a BTV reassortant (FRA2008/24) from an outbreak in France possessing Seg-2, Seg-5, Seg-8, and Seg-10 derived from BTV-1 and the remaining genomic segments from BTV-8. This finding prompted us to systematically investigate the process of reassortment in BTV using both forward and reverse genetics approaches. By coinfecting cells with two different virus strains, it is possible to propagate mixed virus populations in culture, including viable and "fit" reassortants that might compete with the parental wild-type viruses (forward genetics). While this may reflect the biological and random (or otherwise) nature of reassortment, it is extremely difficult to derive a specific constellation of segments, therefore restricting a detailed analysis of whether specific barriers exist within the reassortment process. However, reverse genetics allows the precise and directed generation of reassortant viruses that can be further assessed phenotypically.
In this study, we established that reassortment in BTV is an extremely flexible process. Viable monoreassortants can be rescued with any individual segment in the alternative parental backbone when using BTV-1 and BTV-8. We noticed some relatively minor differences in the growth patterns and plaque sizes in vitro, suggesting various degrees of compatibility between the segments of these two strains. It remains possible that it is more difficult to achieve reassortment between BTV strains other than BTV-1 and BTV-8.
We assessed the plaque diameters and multistep growth curve patterns of the rescued reassortants in a comparison of the phenotypic variations resulting from reassortment. The diameters of the plaques induced by various reassortants were found to vary for specific segments and to be impacted to differing extents according to the backbone of the reassortant. This suggests that differences in the interactions between different combinations of gene products may influence the relative efficiency of the replication and transmission mechanisms in which they are involved. The major differences between reassortants in the replication cycle in vitro were observed at early time points postinfection. However, a selection of reassortants with relatively slow early growth in vitro were as pathogenic as wildtype BTV in an experimental model of disease in vivo.
Our results build upon previous studies on reassortment within the Reoviridae family (57, 62, (75) (76) (77) . Studies on rotaviruses have revealed various degrees of compatibility between different virus strains, with evidence of a nonrandom segregation of genome segments (57, 78, 79) . Studies using BTV-10 and BTV-17 have also shown that not all segments reassort equally well, at least when using BTV-10 and BTV-17 (57) . However, these studies have used only a forward genetics approach. Using reverse genetics, we have shown that there is great plasticity in the ability of these viruses to reassort, at least when using BTV-1 and BTV-8. It is possible that BTV strains with greater levels of divergence, compared to those of the BTV-1 and BTV-8 strains used in this study, might show a less flexible process of reassortment.
The forward genetics approaches reported previously for the study of reassortment have largely relied upon the migration of each segment during electrophoresis; this necessarily restricts the strains that can be used for study, as each segment must be distinguishable using this technique (57) . Another approach to the characterization of segments is the use of radioactively labeled probes (56, (80) (81) (82) . However, while simple hybridization allows the distinction of sufficiently divergent sequences, cross-reactions can occur, resulting in difficulty in interpreting the results based upon signal levels. Indeed, in our forward genetics screen, we observed evidence of multiple cases of plaques containing one or more segments arising from both parental viruses, something which may be unclear when a hybridization approach is used. In 
FIG 6
The outer capsid protein VP2 determines the serotype of bluetongue virus. Serum neutralization assays were carried out as described in Materials and Methods using BTV-8 (left) or BTV-1 (right) monospecific antiserum and wild-type BTV-1, BTV-8, or reassortant viruses. The reassortants included BTV-1 viruses containing both VP2 and VP5 derived from BTV-8 (BTV-1 8VP2,VP5 ) or containing only the heterologous VP2 (BTV-1 8VP2 ) or VP5 (BTV-1 8VP5 ). In addition, BTV-8 reassortants with only the VP2 protein (BTV-8 1VP2 ), the VP5 protein (BTV-8 1VP5 ), or both proteins (BTV-8 1VP2,VP5 ) derived from BTV-1 were also used. The data are expressed as the PD 50 for each serum sample, defined as the serum dilution that inhibits BTV infection in 50% of the infected cells. The data shown clearly indicate that, in the case of BTV-1-BTV-8, VP2 (and not VP5) is the sole protein that determines the BTV serotype.
contrast, the use of RT-PCR has the advantage of increasing throughput, giving a clear binary output and furthermore allowing analysis of any virus strain. Complete genome sequencing offers the highest level of resolution, and it is increasingly high throughout. As such, for the analysis of field isolates, full genomic sequencing is certainly the method of choice for reassortant analysis.
Given the previous observation that the BTV outer core proteins contribute to serotype (75, 76) , as well as the possibility of structural constraints, it may be hypothesized that VP2 and VP5 of a particular serotype preferentially reassort together. Our study suggests that this is not always the case. First of all, in the field reassortant isolated in this study, VP2 derives from BTV-1, while VP5 derives from BTV-8. In addition, our coinfection assays showed that 78% of the reassortants propagated in culture had VP2 derived from BTV-8, while VP5 derived from BTV-1. Only 17% of the reassortants had the homologous VP2-VP5 (12% from BTV-1 and 4.7% from BTV-8). Thus, at least for BTV-1 and BTV-8, there is no fundamental barrier for VP2 and VP5 to segregate with the homologous counterpart in coinfected cells.
Importantly, in this study, using VP2 monoreassortants generated by reverse genetics, we confirmed that the serotype determination of BTV-1 versus BTV-8 is linked solely to VP2. There are contrasting data in the literature as to whether only VP2 or both VP2 and VP5 determine the BTV serotype (62, (73) (74) (75) (76) . The data presented in our study show clearly that VP5 had no influence on BTV serotype, at least in the cases of BTV-1 and BTV-8.
From our coinfection assays, it was striking that none of the 140 plaques analyzed had the genotype of the parental BTV-1 or BTV-8 in its entirety. At most, the reassortants had 7 of the 10 segments from one of the two serotypes. Thus, there are no structural constraints in BTV that favor packaging of the 10 genomic segments of an individual strain.
Besides VP2 and VP5, the proteins forming the polymerase complex were also not shown to reassort preferentially within the homologous serotype. Only 16% of reassortants contained the VP1, VP4, and VP6 proteins of BTV-1, while none of them contained all the enzymatic proteins deriving from BTV-8.
During our plaque assay experiments, we also observed that a heterologous NS2 was detrimental to plaque formation. BTV-1 8NS2 was found to be affected to a greater extent, producing plaques that were smaller than those of the parental BTV-1 and the reassortant BTV-8 1NS2 . Interestingly, Seg-8 of BTV-1 was represented at a higher frequency in the analyzed reassortants during our forward genetics screen than in the reverse genetics screen. More studies will be needed in order to clarify how the NS2 may affect virus-induced plaque size. It is likely that this is not due to structural constraints within the virus particle, because NS2 is a nonstructural protein.
As more full-genome sequences of BTV are becoming available, it is becoming clear that the occurrence of Orbivirus reassortment in the field is extensive, with evidence of reassortment in both mammalian hosts and Culicoides (5, 6, 20, 49, 50, 52, 53, 80, (83) (84) (85) . All of our experiments were performed using mammalian cells in vitro. Obviously, in contrast to the controlled experimental procedures in vitro (e.g., equal MOIs in cells largely devoid of antiviral activity), the process of reassortment in the field (in either the insect or mammalian vector) is likely to be governed by both stochastic and deterministic events, such as host immunity, vector specificity, the existing distribution of parental virus strains, and vaccination campaigns with both live and multivalent vaccines. However, our study has shown that reassortment in BTV is a very plastic event, and there is no inherent or structural barrier for any genomic segment to reassort. In areas where several serotypes of BTV cocirculate, reassortment could be the rule rather than the exception (20, 49, 83) .
BTV has historically been classified from the serological point of view. Serology was, and remains, a key parameter for differentiating BTV strains. Molecular methods for "typing" a virus have concentrated on reconstructing the serological relationships and consequently focused upon the genomic segments that express the outer capsid proteins (46, 86) . Sequence analyses have shown that the majority of the BTV proteins group according to their geographic origins (topotype). If considered within the serotype, this is also true for both of the outer capsid proteins VP2 and VP5. Studies of virus topotypes have shown that the majority of BTV genome segments and/or proteins can be divided into two major topotypes, "eastern" and "western," with evidence of further subgroups that also depend on the geographic origins of the isolates. However, recent studies of BTV-25 and BTV-26 have suggested that they may represent two additional major groups, and the VP7 and NS3 genes do not appear to fit this pattern, showing multiple eastern and western groups (87) . Although these groupings provide a useful guide, the introduction of exotic virus strains, the reassortment of genome segments, and the selective pressures on the progeny viruses in the field have, in some cases, altered the distribution of specific gene variants and blurred the topotype boundaries. It appears likely that, although reassortment can occur between any BTV genome segment, subsequent environmental pressures and negative selection will have important influences on the survival of individual progeny strains and, therefore, on individual genes and gene combinations (88) (89) (90) .
Using reverse genetics, we have confirmed in this study that VP2 is indeed the key determinant of neutralizing antibody specificity. Obviously, understanding to which serotype a BTV strain belongs is critical in designing the appropriate control strategies. However, simply defining a BTV strain on the basis of its serotype (and/or Seg-2 sequence) excludes important information on the remaining nine segments. As more detailed analyses of the properties and impacts of individual proteins (for example, associations with pathogenicity [69] or transmission) become available, using an alternative classification system will become increasingly important. Similar issues have been encountered with rotaviruses, leading to the proposal for creating standard classification systems (91, 92 ). An analogous approach for orbiviruses, taking into account virus serotypes and topotypes, as well as different groupings of the VP7 and NS3 genes, may provide a way forward to construct a more comprehensive nomenclature for individual BTV strains.
